Biological context
Transmissible spongiform encephalopathies (TSEs) are a class of fatal mammalian neurodegenerative diseases, which include Creutzfeldt-Jakob disease in humans, mad cow disease in cattle, and scrapie in sheep (Sejvar et al. 2008) . TSEs result from conformational conversion of cellular prion protein (PrP C ), a glycoprotein expressed within (aa) residues and a dynamically disordered ~90-residue N-terminal tail. These results have also set the stage for the determination of a high-resolution structural model for the huPrP23-144 fibrils, which will be reported elsewhere. Concurrently, in order to ultimately be able to elucidate the structural basis for the observed PrP23-144 seeding specificities, we have undertaken analogous solid-state NMR structural studies of moPrP23-144 and ShaPrP23-144 amyloid fibrils. The sequential backbone and side-chain 13 C and 15 N chemical shift assignments and secondary structure analysis reported here for the [mo] and [Sha] amyloids serve as an important first step in this direction.
Methods and experiments Protein expression and purification
Human, mouse and Syrian hamster PrP23-144 were expressed and purified according to previously published protocols (Morillas et al. 1999; Kundu et al. 2003; Vanik et al. 2004; Helmus et al. 2008) . Briefly, E. coli BL21 (DE3) cells were transformed with plasmid encoding for huPrP23-144, moPrP23-144 or ShaPrP23-144 and initially grown at 37 °C in Luria-Bertani medium to OD 600 of ~1.0. The cells were then centrifuged and resuspended in the same volume of M9 minimal medium containing 1 g/L 15 N ammonium chloride and 3 g/L of 13 C glucose as the sole nitrogen and carbon sources. Protein expression was induced by adding 1 mM isopropyl ß-d-thiogalactoside and cells were grown at 37 °C and 250 rpm for 16 h. The cell pellet from a 3 L culture was resupended in 120 mL of lysis buffer (6 M GdmCl, 10 mM Tris-HCl, 100 mM potassium phosphate, pH 8.0) and sonicated for 30 min, followed by centrifugation at 20,000 rpm for 30 min. PrP23-144 in the supernatant was purified by using nickel-nitrilotriacetic acid (Ni-NTA) superflow resin (Qiagen). The N-terminal His 6 -tag was cleaved with biotinylated thrombin (Novagen), followed by removal of the thrombin using streptavidin-agarose beads (Novagen) and the free His 6 -tag by dialysis against ultrapure Milli-Q water. Purified proteins, which were >95% pure as assessed by SDS/PAGE, were lyophilized and stored at −20 °C.
Preparation of PrP23-144 amyloid fibrils for solid-state NMR
Lyophilized huPrP23-144, moPrP23-144 or ShaPrP23-144 was dissolved in ultrapure Milli-Q water at a concentration of 400 μM. Amyloid fibril formation was initiated by adding 1 M potassium phosphate pH 6.4 buffer to a final concentration of 50 mM, followed by incubation at 25 °C. During incubation the fibril suspensions were left largely undisturbed, except for gentle inversion of the sample tubes every 12 h to ensure thorough mixing. The quantitative conversion of monomers into mature fibrils, as assessed by monitoring of the supernatant UV spectra following sample centrifugation, required ~2 days for huPrP23-144 and ~7 days for moPrP23-144 and ShaPrP23-144. Prior to packing into solid-state NMR rotors the fibrils were routinely analyzed by atomic force microscopy as described below. Fibrils were then washed with several aliquots of 50 mM potassium phosphate pH 6.4 buffer containing 20% (v/v) sodium azide, and transferred to 3.2 mm limited-speed Agilent/Varian zirconia rotors via centrifugation. The rotors were sealed using custom-made spacers (Revolution NMR) to prevent sample dehydration during the solid-state NMR measurements.
Atomic force microscopy
Prior to the solid-state NMR experiments, atomic force microscopy (AFM) was used to confirm the presence of huPrP23-144, moPrP23-144 and ShaPrP23-144 amyloid fibrils. For each PrP23-144 variant, a small aliquot of the fibril suspension was diluted tenfold with ultrapure Milli-Q water, deposited onto a freshly cleaved mica substrate (Ted Pella, Inc.), incubated for 2 min, rinsed with two 50 µl aliquots of ultrapure water to remove salts and unbound protein, and air dried. Imaging was performed in tapping mode in air using a Bruker Dimension Icon AFM and highsensitivity silicone Bruker RTESPA MPP-11120-10 probes with a nominal spring constant of 40 N/m and nominal tip radius of 8 nm. The images were processed using interactive plane fitting and low-pass Gaussian filtering within the Bruker NanoScope Analysis software.
Solid-state NMR spectroscopy
NMR spectra were recorded on a 500 MHz Varian spectrometer equipped with a 3.2 mm BioMAS 1 H-13 C-15 N probe. For all experiments the magic angle spinning (MAS) frequency was set to 11.111 kHz ± 3 Hz, and the sample temperature was maintained at ~5 °C by using a stream of compressed air at 0 °C delivered to the sample through a variable-temperature (VT) stack. The sequential 13 (Helmus et al. 2008 ). Data were processed using NMRPipe (Delaglio et al. 1995) and analyzed in Sparky (Goddard and Kneller 2006 
Assignments and data deposition
As previously reported (Jones and Surewicz 2005) and illustrated in the AFM images in Fig. 1 , hu, mo and ShaPrP23-144 were all found to readily assemble into micron-length amyloid fibrils. Also shown in Fig. 1 residues (out of ~122 total) are observed for [mo] and [Sha] fibrils, respectively. Specifically, the rigid core region for moPrP23-144 amyloid spans residues V112 to F141, while the large N-terminal domain (aa 23-111), three C-terminal amino acids, G142-D144, and residue M129 located within the core are not detected due to increased conformational flexibility; for ShaPrP23-144 amyloid, the core region consists of residues M112 through M139, with amino acids 23-111 and 140-144 not detected. Remarkably, the approximate sizes and locations within the protein sequence of the immobilized core regions for [mo] and [Sha] fibrils closely mirror those reported for [hu] amyloid in our earlier study (Helmus et al. 2008) , where the rigid core was mapped to aa 112-141 and found to contain two conformationally dynamic residues, Y128 and M129 (see Fig. 1a for a summary of these results).
The secondary structures for the [hu], [mo] and [Sha] amyloid core residues were assessed based on the 13 C and 15 N chemical shifts as follows. The TALOS-N program (Shen and Bax 2013) was used to predict the residue-specific ϕ and ψ backbone dihedral angles and β-sheet probabilities (Fig. 3) , and all residues having β-sheet probabilities of 50% or higher were classified as making up the β-strands. Note that a few additional residues with β-sheet probabilities below 50% were also included as part of the assigned β-strand regions provided that: (1) all of their ϕ and ψ predictions fell into the β-strand region of the Ramachandran plot and (2) they were directly adjacent to a set of residues having 50% or higher β-sheet probabilities. This analysis, summarized in Fig. 3a , indicates that the secondary structures for [hu] and [mo] amyloids show a degree of similarity in spite of the considerable differences in the residuespecific 13 C and 15 N chemical shifts between the two proteins (e.g., the 13 Cα chemical shift rms deviations for the common residues among the PrP23-144 variants corresponding to different species were all on the order of ~2 ppm). Namely, the huPrP23-144 fibrils are predicted to contain three segments with particularly high β-strand propensity (aa ~112-113, ~120-123 and ~130-140) flanked by two largely non-β stretches (aa ~114-119 and ~124-129), the latter of which includes the flexible Y128-M129 fragment, while the moPrP23-144 fibrils also consist of three β-strands (aa ~112-117, ~120-126 and ~130-141) separated by two non-β segments (aa ~118-119 and ~127-129), and include the flexible M129 residue. In contrast, the backbone conformation for ShaPrP23-144 fibrils (two extended β-strands, aa ~113-122 and ~128-139, separated by a short non-β segment) appears to differ rather substantially from those for [hu] and [mo] amyloids. Altogether, the findings that [hu] and [mo] amyloids adopt similar secondary structures at the level of individual residues while the [Sha] fibril conformation is clearly distinct are consistent with the results of the earlier biochemical and biophysical studies (Vanik et al. 2004; Jones and Surewicz 2005) 
Accession numbers
Chemical shift assignments for huPrP23-144, moPrP23-144 and ShaPrP23-144 amyloid fibrils have been deposited in the BioMagResBank (http://www.bmrb.wisc.edu) under accession numbers 26,925, 26,924, and 26,926 , respectively. 
